Techniques for investigating acoustic backscatter from anisotropic biological tissues are examined. This empirical study combines single-scatter theory with the known elastic properties and histology of the renal cortex to predict the backscatter coefficient from kidney parenchyma. A transverse isotropic correlation model is developed to explain how backscattered energy, which varies with the incident sound wave direction, is related to the anisotropic structure of the tissue. From the results we conclude that renal morphology scatters sound incoherently, and that complex mixtures of scattering structures of different sizes, number densities, and scattering strengths can be distinguished by analyzing backscatter in specific frequency channels--a spectroscopic approach. A K-space description of backscatter measurements from kidney cortex, including the effects of anisotopy, provides further support of our hypothesis regarding sources of acoustic scattering.
INTRODUCTION
We are investigating nondestructive means of measuring important structural properties of biological tissue microanatomy using pulse-echo ultrasound. Our goal is to accurately describe the histology of live tissues. Through signal processing we seek to extract morphological information from the echo signals by comparing experimental echosignal power spectra with analytically modeled spectra. The most straightforward approach to the forward problem of modeling the scattering process is to assume that tissues conduct sound as a fluid with spatiaily continuous, random, isotropic perturbations in elastic properties 'y(r) that scatter the sound weakly, elastically, and incoherently. If the random variable y(r) is highly correlated with the structure of interest, then one three-dimensional correlation function may be used to characterize the microstructure of the tissue, and the expressions that relate measured echo spectra to tissue morphology are known. t-7 Such basic inverse methods have many applications, e.g., to characterize inhomogeneities in glass and polymers using scattering from laser light, 6 molecular bond lengths in liquids using neutron scattering, 7 solid-state structures using x-rays, 8 and to understand wave propagation in the atmosphere and ocean. have developed models to describe how ultrasound is backscattered from structurally anisotropic heart muscle to explain why the echo intensity varies during the cardiac cycle. By understanding the anisotropic properties of the tissue, they were able to use measurements of backscattered intensity to diagnose abnormalities in the heart based on changes in myocardial microstructure. 13 Fcleppa et al. 14 also used backscattered ultrasound to differentiate among different eye tumors; specifically, they measured quantities related to the average size and number density of scattering structures. With similar analytical melhods, we found that the acoustic energy backscattered from a mixture of different size structures in the kidney could be discriminated using the echo spectrum, •5 and that it was possible to monitor changes in the size and number density of these structures that resulted from changes in renal function? In each of the applications above, a more direct interpretation of backscattered ultrasound data was possible in terms of the tissue morphology once the scattering sites were identified.
As in muscle, the kidney has a random, anisotropic microstructure. An axis of symmetry is defined by the long axis of the nephron--the functional unit of the kidney. Nephrons are aligned, for the most part, radially from the center of the organ. Our analysis is focused on the cortical region of the kidney, the 1 cm-thick outer layer, because of its key role in renal function and pathology. We know from previous studies that the backscattered intensity from the renal cortex is greater when the axis of the incident sound beam is perpendicular to the long axis of the nephron than parallel. •5 For a fixed angle between the beam and tissue axes, we found that isotropic correlation coefficients accurately represented scattering sources in kidneys, i.e., scatterer size estimates were consistent with histological observations. This paper extends that analysis to include an anisotropic correlation model in the context of the forward problem. Successful implementation of this analysis could lead to a more general solution to the inverse problem and consequently a more reliable measure of kidney morphology. describes the spatial distribution of these fluctuations, which we refer to as the scattering structure. Note that the statistics of the echo signal depend on the local scattering structure. In pulse-echo measurements in the kidney, the structure in V, the volume of tissue occupied by the sound pulse at any instant of time, typically encompasses tens of nephrons. This is a standard physical model that we and others have used to investigate acoustic scattering in biological tissues. It has been described previously 23 and is summarized and applied below.
Assume that y(r) of the tissue is random, statistically homogeneous, and weakly scattering. Far from V, a detector intercepts an amount of scattered power given by the product of the incident intensity and a scattering cross section. We find the differential scattering cross section where qo is the scanning angle discussed below. Equation (2) relates the backscattered power--a quantity we measure--to the correlation coefficient that characterizes the underlying microstructurema function we model from histological observation. ]5 In the forward problem, we input b 7 into Eq. , isotropic), II=blood vessels and tubule segments (sparse, transverse isotropic), and m=convoluted tubules (dense-packed, isotropic) . The backscatter coefficient in the long-wavelength limit is ao=knV,,(y2)/l 6*r 2, r = •/A•, go is the scanning angle, and the d's are correlation lengths. Table II The predicted values of (ro(k,qo) from Eq. (6) are also plotted in the polar K-space illustration of Fig. 5 . The darkest areas indicate spatial frequencies for which the backscatter is most intense. The scanning angle q0=0 ø is the z axis, so that qo=90 ø is the x,y-plane and perpendicular to the nephron axis. The dashed line in Fig. 3 is the same information provided by the z axis in Fig. 5 , as is the solid line in Fig. 3 and  a radius in the x,y- It is interesting to contrast observations of acoustic backscatter in the kidney with that in the heart. As in the kidney, myocardial backscatter is maximum when sound waves travel perdendicular to the aligned structure (muscle fibers) and minimum along the structure. 11 Therefore, a large Note that a dense-packed correlation model was used to describe scattering from convoluted tubules. This was necessary to match the model to the data in Fig. 3 at frequencies above 5 MHz. The backscatter coefficient from dense-packed scatterers has a greater frequency dependence (f6) than that predicted for Rayleigh scattering (f4). Convoluted tubules appear histologically as a dense tangle of tubules that occupy most of the cortical volume, suggesting that the densepacked, isotropic Gaussian correlation model is reasonable. It is also possible that structures smaller than those considered in Table II , which contribute significantly to backscatter at frequencies above 10 MHz, might be needed to complete the model. We have omitted smaller structures in the analysis, on the order of the cell size, because there is little or no detailed data on their elastic properties.
Combining the data in
Equation ( 
